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Summary: The paper presents a meso-scopic modeling framework for the si-
mulation of three-phase composite consisting of a brittle cementitious matrix and
reinforcing AR-glass yarns impregnated with epoxy resin. The construction of the
model is closely related to the experimental program covering both the meso-scale
test (yarn tensile test and double sided pull-out test) and the macro-scale test in the
form of tensile test on the textile reinforced concrete specimen. The predictions
obtained using the model are validated using a-posteriori performed experiments.
1 Introduction
The textile-reinforced concrete specimens produced using the standard AR-glass rovings ex-
hibit low efficiency and achieve at most half of the theoretical yarn strength [6]. The reason for
this under-utilization comes from the strongly inhomogeneous stress profile that develops in
the roving cross section bridging a crack [2]. Due to the poor penetration of the cementitious
matrix, the contact area with a strong bond is relatively small. High amount of filaments inside
has a small or no contact to the matrix and does not contribute to the overall crack bridging
force. One strategy to increase the level of force transmission into the reinforcement is its
impregnation with liquid polymers. As shown experimentally in [4] the application of epoxies
can significantly improve the performance of the composite tensile specimens.
The mechanical modeling framework reflecting the significant damage and failure mecha-
nisms in the three-phase composite has been recently presented in [10]. The damage-based
modeling framework with mesoscopic representation of the material structure has been used to
identify important links between the in-situ filament and interface properties and macroscopic
behavior of a specimen under tensile loading. In the present paper, we shall briefly summarize
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the model, demonstrate its validity and discuss the result of the sensitivity analysis performed
both for a single crack bridge and for a composite tensile specimen.
The modeling has been accompanied by an experimental program consisting of tests both on
single component specimens and on composite specimens. In particular, the test program
included four setups:
1. film tensile test on epoxy specimens,
2. tensile test on yarns with varied length,
3. double sided pull-out test (or single-crack bridge test), and
4. tensile test on composite specimen (or multiple crack-bridge test).
The same set of material components has been applied in all these tests. The obtained test data
served both for calibration and for the validation of the model. In particular, the film test (1)
and double sided pull-out test (3) provided the characteristics of bond interaction within the
yarn and between the yarn and matrix. The response of tensile test on yarn (2) and composite
TRC specimen (4) was predicted by the model and compared with the experimental data a-
posteriori.
2 Characterization of material components
Concrete: The mechanical characteristics of the matrix relevant for the present purpose
include the strength fmt and Young’s modulus Emt. In order to reproduce the successive
cracking of the matrix, the scatter of the tensile strength fmt has been reflected by the means
of a random field generated according to a two-parameter Weibull distribution. Its parameters
corresponded to the mean strength of the matrix μfmt = 4.0 MPa and standard deviation
σfmt = 0.41 MPa obtained from the test results given in [1].
Textile fabrics: Fabrics and rovings made of alkali resistant (AR) glass were used for the
reinforcement. The reinforcement material used for this investigation was a sized AR-glass-
roving with a linear density of 2400 tex (1 tex = 1 g/km). With regard to the density of glass
ρ = 2.678 · 10−3 g/mm3 the effective cross sectional area is AY = 0.896 mm2. This value
is in agreement with the average filament diameter of about 27 μm and corresponds to 1600
filaments in a single bundle. The mechanical properties applied in the subsequent simulations
were determined using previously performed yarn tensile tests [12]: EG = 70 GPa for the
Young’s modulus and κεcr = 2.86% for the strain at failure.
Polymers: The reference tests have been performed using the commercially available
solvent-free and filler-free laminar resin EP RIG STD based on bisphenol-A-epichlorhydrine
resin and an amine curing agent. The mechanical characteristics required for the epoxy have
been determined using the film tensile test setup according to DIN EN ISO 527 shown in
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Figure 1: Tensile behavior of the epoxies [11], dimensions given in mm.
Fig. 1 (left). The nonlinear behavior (Fig. 1, right) of the epoxy resin has been reflected using
a simple damage model of the form
σE (ε) = (1 − gE (κε)) EE,0ε (1)
with the damage law given as
gE (κ
ε) =
{
γE · κε κε < κεcr,E
1 otherwise.
(2)
Here the κε denotes the maximum strain attained during the loading and γE the damage co-
efficient. The material parameters fitting the test have been quantified as follows: EE,0 =
3958 MPa, κεcr,E = 2% and γE = 21.6.
3 Representation of the component interaction
In contrast to non-impregnated yarns, the cross section of an impregnated yarn has an almost
circular shape that is fully penetrated with the polymer (Fig. 2, top-left). Even though the
stiffness of the polymer is much lower than the stiffness of the matrix the in-situ filament
interactions are significant and the local load sharing between filaments induced by the epoxy
resin must be considered in the model.
Considering the almost circular cross section of the yarn and the homogeneity of the polymer,
rotational symmetry of the stress profile for tensile loading can be assumed allowing for a
dimensional reduction. The material structure of the impregnated yarn can then be represented
by a set of ring-shaped filament layers coupled in series through the bond layers. This topology
is sufficient to reflect the stress concentration in the outer layers and the subsequent damage
propagation from the outer to the inner layers of the impregnated yarn.
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Figure 2: Crack bridge model for the impregnated yarn.
The applied idealization of the cross section is shown in Fig. 2. The model distinguishes
the three material phases: matrix, epoxy and glass. Further, the interactions between matrix
and epoxy and between the epoxy-glass layers are modeled using separate material models.
While the cementitious matrix and glass are assumed elasto-brittle, an inelastic behavior of
the epoxy resin, epoxy-glass and epoxy-matrix interaction are reflected using damage-based
material models.
The corresponding boundary value problems introduced in this paper are solved numerically
using the finite-element method. The interaction between two layers is reflected using interface
elements with element length in the range 0.5-1 mm. Several possible formulations based on
the traditional papers [5, 7, 8] were implemented and tested. The most efficient and reliable
discretization has been achieved using the [7] with quadratic shape functions. The detailed
comparison of the element performance is provided in [9].
3.1 Calibration of interaction parameters
In order to make the experimental condition as close as possible to the situation of a crack
bridge in the TRC tensile test, the double sided pull-out test (Fig. 3b) has been chosen for
simultaneous calibration of both internal bond (between unit cell epoxy-glass layers) and ex-
ternal bond (between epoxy and matrix). We remark that single crack bridge test (Fig. 3c) is
practically unachievable due to the need to impose constant displacement at both yarn ends.
The yarn tensile test (Fig. 3a) has then been used solely for validation purposes.
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Figure 3: Boundary conditions for the simulation of the a) yarn tensile test, b) double sided pull-out
test, c) crack bridge of a TRC specimen.
The available yarn and epoxy characteristics entering the model have been summarized in
Sec. 2. A genetic optimization algorithm has been applied to find the best fit of the model with
the experimentally measured force – crack-opening displacement response. The calibrated
parameters include the critical slip scrit and the frictional bond stress τmax of the yarn-matrix
bond law, the interaction stiffness GE and the cross sectional area of the epoxy resin AE.
The parameters for three calibrated experiments are shown in Tab. 1 and Fig. 4 (right) shows
the comparison between the individual experiments and simulations. The yarn cross section
used for this calibration has been somewhat arbitrarily resolved into 10 layers. The issue of
appropriate cross section resolution is discussed further in Sec. 4.1.
The scatter of the material parameters in Tab. 1 deserves more comments. The specimens
1 and 3 exhibit the same debonding behavior at the beginning of loading. This corresponds
to the same level of matrix-epoxy debonding stress τmax. The maximum stress of the two
specimens, however, differs significantly which is reflected by a significant difference in the
interaction stiffness of epoxy layers GE . The very low value of GE in specimen 3 leads to an
increased stress concentration in the outer layers and, consequently, to an earlier failure. Sys-
tematic sensitivity analysis of the model response due to the variations in the listed interaction
parameters is provided later in Sec. 5. In the following section, the average values of the
parameters (in spite of the large scatter especially in GE) shall be used to validate the model
for different boundary conditions.
4 Validation of the model for multiple cracking
The tensile test on a TRC composite specimen shown in Fig. 5 (left) is used to assess the
tensile performance of a particular TRC material combination experimentally. Its detailed
description can be found in [3]. The load-displacement curves for two specimens reinforced
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Figure 4: Double-sided pull-out tests of impregnated yarns [11]; left: test setup; right: experimentally
and numerically obtained response.
Table 1: Calibrated properties of the layered model.
No. AE scrit τmax GE
[−] [mm2] [mm] [MPa] [MPa]
1 2.05 0.016 7.96 1006
2 1.52 0.006 9.03 847
3 1.72 0.005 7.71 457
mean 1.76 0.009 8.23 770
using textile fabrics with 12 rovings in the loading direction are presented in Fig. 5 (right). For
our purposes the setup lends itself for the validation of the introduced material description.
The simulation reflected a 200 mm long section of the tensile specimen. Perfect clamping of
both the matrix and the reinforcement has been assumed at the ends of the modeled region.
Zero displacement has been prescribed for all layers at one and uniform control displacement
at the other end. Of course, in the test setup the yarn is not perfectly clamped and the last
cracks should be reflected using the pull-out boundary conditions. However, the particular
test setup exhibits very good clamping of the reinforcement and short stress transfer length
between the yarn and matrix. The chosen boundary conditions were also validated a-posteriori
by comparing the stiffness of the pull-out and crack-bridge response that turned out to have no
significant effect.
Similarly to the previous section, 10 layers with bond parameters summarized in Tab. 1 were
used to resolve the yarn structure. The matrix has been assumed elasto-brittle with scattered
strength as specified earlier in Sec. 2.
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Figure 5: Tensile tests of reinforced specimen; left: test setup; right: comparison between predicted
and calculated response.
Fig. 5 (right) shows the comparison of the calculated load displacement curve with several
curves obtained experimentally. The diagram demonstrates the ability of the model to predict
both the stiffness evolution during the cracking phase and the ultimate load measured experi-
mentally. The model is therefore feasible for studying the correspondence between the local
material characteristics and the overall performance in the TRC tensile test. But before do-
ing this, the question of the appropriate yarn resolution into the epoxy-glass layers shall be
addressed in the following section.
4.1 Comparison of single- and multi-layer yarn resolution
In order to justify the finer resolution of the yarn into several glass-epoxy layers we shall
demonstrate that a homogeneous idealization of the cross section cannot be validated for
boundary conditions of double sided pull-out and TRC tensile test. Using only a single
layer, the inelastic effects of the yarn must be lumped into the effective yarn stiffness E effY
and strength σeffY . In contrast to the resolved case, there is no inter-layer stiffness GE . The
average cross sectional area of the epoxy resin AE = 1.76 mm
2 according to Tab. 1. The
parameters calibrated using the double sided pull-out test (i.e. E effY , σ
eff
Y , scrit and τmax) are
summarized in Tab. 2. The good reproduction of the pull-out curve is shown in Fig. 6 (left).
Fig. 6 (right) shows the results of the same single fiber idealization applied to TRC tensile
tests. Obviously, the simplified model fits the response of the tensile test only at the beginning
of multiple cracking with sufficiently large crack spacing. However, with decreasing crack
distance, the predicted stiffness of the crack bridges is too low. Furthermore, the ultimate load
is underestimated. This is due to the fact that periodic boundary conditions develop between
the crack bridges leading to a more homogeneous strain profile in the crack bridge.
94 CHUDOBA ET AL.: Epoxy-penetrated multi-filament yarns
Table 2: Calibrated properties of the single-layer model.
No. EYeff σ
eff
Y scrit τmax
[−] [MPa] [MPa] [mm2] [MPa]
1 16901 608.4 0.028 12.5
2 16711 601.6 0.017 14.8
3 18928 586.8 0.038 12.6
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Figure 6: Single fiber resolution of the yarn cross section; left: model calibration for three pull-out test
replications; right: model validation using the TRC tensile specimen for average values of
material parameters.
In other words, the single fiber parameters calibrated using the pull-out test with highly in-
homogeneous stress profile in the crack bridge are invalid for finer crack spacing than the
embedding length of the pull-out test. This can be documented by visualizing the evolution
of the crack bridge stiffness and the maximum load with decreasing crack spacing for the re-
solved and the unresolved case. Fig. 7 shows the force in dependence on the effective crack
bridge strain for crack bridges with different average crack spacings 〈cs〉. The effective crack
bridge strain has been evaluated by dividing the displacement between two cracks by the crack
spacing 〈cs〉. Both idealizations show a reduction of the crack bridge stiffness with decreasing
crack distance due to the decreasing contribution of the matrix between the cracks. However,
with crack spacing approaching zero, the stress profile in the yarn cross section approaches
homogeneous stress profile and, thus, the reference yarn stiffness shown as dash-dotted line.
While the layered resolution (Fig. 7, right) reproduces this trend correctly, the single fiber
(Fig. 7, left) significantly underestimates the crack-bridge stiffness.
The increasingly homogeneous stress profile occurring for small crack distances has a positive
effect on the crack bridge strength due to an increased activation of the inner layers. Again,
the layered resolution is able to reproduce this tendency, while the single layer resolution
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Figure 7: Force in dependence on the effective crack bridge strain for crack bridges with different
average crack spacings 〈cs〉. The yarn is represented by myltiple layers (left) and single
layer (right).
shows an unchanged strength corresponding to the pull-out boundary conditions with rather
inhomogeneous stress profile across the yarn.
The performed comparison demonstrates the necessity to reflect the heterogeneous stress pro-
file as it has significant influence on the composite performance. This immediately raises the
question about the appropriate size of the layer that may posed as, how many filaments should
be represented in a single layer with homogenized properties. The detailed discussion of this
issue can be found in [10].
5 Effect of bond parameters on the tensile response
In the following parametric studies the influence of the different model parameters on the
performance of the impregnated yarn shall be studied. The behavior of the composite shall be
analyzed using three different sets of boundary conditions (1) the double sided pull-out test,
(2) the single crack bridge and (3) the TRC tensile specimen. The two interaction parameters
τmax and GE are varied one-at-a-time at three levels.
The maximum bond stress τmax has been varied between 6.0 MPa and 14.0 MPa. In the double
sided pull-out test (Fig. 8, top left) the yarn gets pulled out before it fails if the stress transfer
length is longer than the embedded length. The pull-out stress level increases with increasing
bond stress or increasing embedding length. If the embedding length is sufficient for the stress
transfer to reach the strength of the outer-layer a brittle failure occurs. The reason for the
brittleness is that once the outer layers fail the inner layers are not able to compensate for
the stress redistribution. The crack bridge response (Fig. 8, top right) shows that once the
stress transfer length has reached its maximum value at the center between two cracks, the
matrix contribution to the stress transfer remains constant and the overall stress of the crack
bridge increases linearly until the yarn failure stress is reached. The failure load decreases
with increasing τmax. The reason is an increasing stress concentration in the outer layer.
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double sided pull-out crack bridge
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Figure 8: Effect of maximum bond stress τmax on the response in the double sided pull-out, single
crack bridge and TRC tensile test.
The shorter stress transfer length leads to a decreasing crack distance in the TRC tensile spec-
imen, i.e. an increasing number of cracks (Fig. 8, bottom right) as the tensile strength of the
matrix is reached within a shorter distance from an existing crack. The higher stresses that can
be transferred to the matrix slightly increase the contribution of the matrix between the cracks.
On the other hand, higher bond stress amplifies the stress concentration in the yarn resulting
in a reduced ultimate stress as illustrated in (Fig. 8, bottom left).
The influence of the interaction stiffness GE on the performance of the impregnated yarn in
the pull-out test and crack bridge is illustrated in Fig. 9 (top-left). With higher interaction
stiffness, the contribution of the inner filaments increases, leading to a higher initial stiffness.
Furthermore, the homogenization of the stress profile across the yarn leads to a higher strength.
In case of the pull-out test the yarn gets pulled out when the embedding length is not sufficient,
while in the crack bridge a higher interaction stiffness always leads to higher maximum forces.
For the TRC tensile specimen, the increasing interaction stiffness results in slight increase of
crack bridge stiffness leading to smaller crack openings (Fig. 9, bottom right). While the
number of cracks increases faster for higher interaction stiffness, the final number of cracks
is not affected. The stiffness in the final crack stage is identical for all of the three parameter
values. An important effect is detected for the ultimate load. As the increasing interaction
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Figure 9: Effect of layer interaction stiffness GE on the response in the double sided pull-out, single
crack bridge and TRC tensile test.
stiffness reduces the stress concentration in the outer filament layer, the more homogeneous
stress distribution in the yarn results in its higher strength.
6 Conclusions
Considering the results of the sensitivity analysis a higher load capacity can be achieved by
increasing the interaction between the filaments (higher interaction stiffness) or by reducing
the bond interaction between the epoxy resin and cementitious matrix (lower bond stress or
cross section of the epoxy resin or higher critical slip), both leading to a decreasing stress
concentration in the outer filaments. The latter approach, however, is generally undesirable as
it results in increasing stress transfer length leading to a larger average crack distance and crack
openings. Consequently, the aim of optimization of the impregnation has to be the increase
of the interaction between the filaments so that fine crack pattern is possible without reduced
yarn strength in the crack bridges. As a final remark, we note that the high tensile utilization of
the multi-filament yarns brings about the development of longitudinal stresses and associated
spalling, an aspect that is discussed elsewhere in this proceedings.
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